PURPOSE. The authors sought to identify cell surface markers of photoreceptor and its precursor cells. METHODS. The expression of surface CD antigens that label both temporally and spatially distinct populations of mouse retinal cells were examined. Of the antibodies that showed positive signals in retinal cells, CD73 was focused on for more detailed analyses. RESULTS. Mouse retinal subpopulations that expressed CD73 first appeared around birth and subsequently increased dramatically in number, eventually representing more than 90% of the retinal cells in the adult. CD73 ϩ cells were postmitotic and mostly rhodopsin-negative at postnatal day 1. However, in the adult retina, most of these cells expressed rhodopsin but not s-opsin. In reaggregation cultures, CD73 ϩ cells differentiated into rhodopsin-positive cells more rapidly than CD73 Ϫ cells, which supports the idea that CD73 is an early photoreceptor lineage marker. The effects of ectopic expression in retinal cells of Nrl and Crx, both of which are transcription factors known to be expressed in photoreceptor lineage, suggest that CD73 is genetically downstream of Crx in the rod cell differentiation lineage. Adult retina of the common marmoset monkey also showed correlation of the expression pattern of rhodopsin and CD73. CONCLUSIONS. CD73 is a cell surface marker of cone/rod common precursors and mature rod cells in mice and is genetically localized between Nrl and Crx. The expression of CD73 was conserved in primate rod cells, and CD73 provides an useful tool to purify photoreceptor cells for transplantation aimed at
T he vertebrate neural retina consists of six types of neurons and one type of glial cells, which are organized into a laminar structure. The outer nuclear layer (ONL) consists of photoreceptors, and specific loss of these cells causes several severe retinal diseases, among them retinitis pigmentosa. 1, 2 Regeneration of photoreceptor cells is an important step in the regeneration of vision, and considerable effort is being in-vested in understanding these processes. The isolation of retinal progenitor cells or precursors of the photoreceptors lineage is one of the strategies used to achieve neural retina regeneration by transplantation. 3 However, these cell populations have not yet been adequately characterized, in part because of a lack of markers that can be used to identify the distinct stages and lineages of retinal cells. Although the patterns of expression of transcriptional factors reported to be involved in retinal development may reflect the developmental stage, these molecules are intracellular, which limits their usefulness for cell enrichment. Therefore, it is important to define surface markers that can be used to label specific retinal cell subpopulations. Surface antigens permit the isolation of a specific subset of cells from a cell mixture without damaging the cells, which facilitates the characterization of cell lineages and the identification of factors that regulate cell proliferation and differentiation. We evaluated candidate markers using flow cytometry and cell sorting in combination with retinal in vitro cultures. We screened the mouse retina at various developmental stages for reactivities with a panel of antibodies directed against cell-surface antigens and obtained unique expression patterns for more than 30 antigens. Among these, SSEA-1 (CD15) and c-kit (CD117) have been shown previously to represent the early and late immature stages of retinal progenitor cells, respectively. 4, 5 In the present study, we focused on the CD73 antigen, the expression of which was seen to increase concomitantly with retinal development. CD73, which is also known as ecto-5Јnucleotidase, is a 70-kDa glycosylphosphatidylinositol (GPI)anchored cell surface molecule that catalyzes the extracellular conversion of 5Ј-adenosine monophosphate to adenosine. 6, 7 We identified CD73 as a marker of the early stages of the photoreceptor lineage. CD73 is assumed to be localized genetically downstream of Crx. This is the first report describing a cell surface marker of immature photoreceptor cells.
MATERIALS AND METHODS

Mice, Common Marmoset, and Cultures
EGFP transgenic mice, which were kindly provided by Masaru Okabe (Osaka University, Japan), 8, 9 were maintained in a C57BL/6J background. ICR mice were obtained from Japan SLC. Common marmoset was maintained in the Central Institute for Experimental Animals (CIEA) in accordance with CIEA guidelines. Retinal explant cultures and reaggregation cultures were prepared as described previously 4, 10 and were infected with retroviruses as described previously. 10, 11 All animal experiments were approved by the Animal Care Committee of the Institute of Medical Science, University of Tokyo and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Fluorescence-Activated Cell Sorting
Neural retinas were isolated and dispersed to single cells using trypsin and were stained with antibodies, as described previously. 4 The following antibodies were used: anti-CD73 (BD Bioscience, Franklin Lakes, NJ), anti-Ki67 (BD Biosciences), anti-Rho4D2 (kind gift from Robert Molday, University of British Columbia, Canada), anti-Nestin (BD Biosciences), anti-PNR (Perseus Proteomics, Tokyo, Japan), and anti-protein kinase C (anti-PKC; Oncogene Research Products, San Diego, CA). Nonlabeled antibodies were visualized with the appropriate secondary antibody conjugated with Alexa488 (Molecular Probes, Eugene, OR). At least 10,000 events for healthy cells were analyzed (FACSCalibur; BD Biosciences). Cell sorting was carried out (FACSVantage or FACSAria; BD Biosciences), as described previously, 4 and results (FACSAria; BD Biosciences) were replotted (FlowJo software; Tree Star, Ashland, OR)
Construction and Immunostaining
The full-length cDNAs of the mouse Crx, Nrl, and CD73 genes were cloned by polymerase chain reaction (PCR) according to the sequences in the database using mouse retinal cDNA. The PCR products were cloned into a vector (pGEM-T-Easy; Promega, Madison, WI), and the inserts were subcloned into the pMX-IRES-EGFP retrovirus vector. 10 Immunostaining for sectioned or dissociated retinas was performed as described previously. 4, 10 The primary antibodies used were anti-CD73, anti-rhodopsin (Rho4D2), anti-s-opsin (Chemicon, Temecula, CA), antiglutamine synthetase (Chemicon), and anti-m-opsin (Chemicon). The primary antibodies were visualized using the appropriate secondary antibodies conjugated to Alexa-488 or Alexa-546 (Molecular Probes). DAPI was used for nuclear staining. Samples were mounted (Vecta-Shield; Vector Laboratories, Burlingame, CA) and analyzed under a microscope (Axioplan; Zeiss, Thornwood, NY).
RT-PCR
Total RNA was purified from CD73 ϩ and CD73 Ϫ retinal cells using the reagent (TRIZOL; Gibco BRL, Grand Island, NY), and cDNA was synthesized by reverse transcriptase (Superscript II; Gibco BRL). All the primer sets were tested for different numbers of cycles (25-35 cycles) using rTaq (Takara, Shiga, Japan), and the semiquantitative cycle number was determined for each primer set. DNA bands were visualized with ethidium bromide.
RESULTS
Characterization of CD73 ؉ Cells in the Developing Retina
By screening the expression patterns of various CD antigens in the mouse retina at various developmental stages, we noted that the expression levels of some antigens changed as retinal development progressed. The expression of the CD73 antigen increased dramatically with retinal development. Initially, we examined CD73 expression in the mouse neural retina at various developmental stages using flow cytometry ( Fig. 1A ). CD73 expression was not detected in the retina at embryonic day (E) 14 and was first observed in approximately 10% of the cells derived from an E16 mouse (Fig. 1A) . The population of CD73-expressing cells increased along with mouse development until postnatal day (P) 6, and 90% of the cells in the adult mouse retina expressed CD73.
Double immunostaining of CD73 and Ki67, which is a nuclear cell proliferation-associated antigen, 12 showed that CD73 expression in postmitotic cells ( Fig. 1B ). However, between 10% and 20% of CD73 ϩ cells are Ki67/CD73 double positive at P1 and E17 (data not shown), suggesting that retinal progenitor cells begin to express CD73 at the end of their proliferative stage. We also examined whether CD73 ϩ cells had the characteristics of differentiated lineages of the retinal subpopulation by costaining. Nestin is expressed in neural progenitor cells. 13 None of CD73 ϩ cells coexpressed nestin at P9, which confirms that the CD73 ϩ cell fraction is enriched for differentiated cells. PKC, which is a marker of bipolar cells, was expressed only in a negligible fraction (3%) of the CD73 low cells at P9 (Fig. 1C ). Similar results were obtained by staining adult retinal cells with antibodies against CD73 and PKC or Islet-1, which are markers of bipolar or amacrine cells, respectively ( Fig. 1D ). In addition to these results, our immunostaining data do not support the idea that CD73 is expressed in retinal cells other than rod photoreceptors. However, our observation that 85% to 90% of the adult retinal cells were CD73 ϩ by FACS analysis is higher than the generally accepted value for rod photoreceptors (70%). One possible explanation for this discrepancy is the selective loss of retinal cells other than rod photoreceptors during the preparation of single cells by dissociation for FACS analysis.
Rod photoreceptor cells express rhodopsin and represent the largest of the retinal cell subpopulations; these cells differentiate during the last stage of retinal development. 14 More than 80% of the retinal cells were rhodopsin positive at P9, and the most of these cells were double positive for rhodopsin and CD73 ( Fig. 1F ), which suggests that CD73 is a marker of rhodopsin-positive cells. Previous reports demonstrated the expression of 5Ј-nucleotidase enzyme activities in photoreceptor cells of the rat retina, 15 which is consistent with our present results. Therefore, we examined in more detail the coexpression of CD73 and rhodopsin during retinal development. Retinal cells from mice at P1, P6, and P9 were dissociated and immunostained with the anti-CD73 and anti-rhodopsin antibodies. Some of the cells were replated and used for immunohistochemistry with the same set of antibodies ( Fig. 1E ). Less than 30% of the CD73 ϩ cells expressed rhodopsin in P1 mouse retinas, and more than 50% of the CD73 ϩ cells expressed rhodopsin in P6 mouse retinas. Interestingly, although a significant number of CD73 ϩ cells were observed at P6, not all cells were rhodopsin-positive cells at this stage ( Fig. 1F ). At the more advanced stage of P9, most of the cells were double-positive for CD73 and rhodopsin (Figs. 1E, 1F), and less than 10% of the cells in the P9 and adult samples were rhodopsin-positive/CD73-negative. We attempted to characterize these cells; however, we have no explanation for our observation. Taken together, these results suggest that retinal cells that commit to the rod photoreceptor cell lineage initially express CD73 and subsequently become double-positive for CD73 and rhodopsin. To examine this hypothesis at the transcriptional level, we examined the temporal transitions of mRNA expression of CD73 and rhodopsin by semiquantitative RT-PCR (see Fig. 4C ). Weak expression of CD73 mRNA was observed in the retina at E16, and the strength was increased until P5, which is consistent with the transition of CD73 protein expression revealed by FACS analysis. This suggests that the expression of CD73 is regulated mainly at the transcriptional level. The onset of CD73 expression occurred earlier than that of rhodopsin, which supports the idea that CD73 is an earlier marker than rhodopsin of the photoreceptor lineage.
We also examined the spatial localization of CD73 ϩ cells in the developing retina by immunohistochemistry and compared this expression pattern with that of rhodopsin ( Fig. 1G ). In P1 retinas, CD73 was observed in the outer half of the neuroblastic layer, which corresponds to the area in which the photoreceptors start to differentiate. At P5, the ONL became visible, and CD73 expression was evident throughout the ONL. When we examined adult mouse-derived retinas, CD73 expression was strong and widespread in the ONL nucleus and in the outer region of the nucleus, and rhodopsin expression was strong in the outer region of the ONL, which corresponds to the outer segment of the photoreceptor. Although a previous study reported the expression of CD73 in Müller glial cells, 16 we did not observe the expression of CD73 in the inner nuclear layer (INL), in which the Müller glial cell body is localized, at any of the stages examined ( Fig. 1G and data not shown). This notion was confirmed by the lack of expression of mRNA of glutamine synthetase (GS), which is a marker of Müller glial cells, in the purified CD73 ϩ cell population (see Fig. 4A ). Because GS antibody cannot be used for FACS analysis (data not shown), we examined its expression in dissociated CD73 ϩ retinal cells derived from P15 mice and found that only a negligible number (1/150 CD73 ϩ cells) of GS/CD73 doublepositive cells was observed, further supporting this notion. In the ONL, in addition to the rod cells, cone cells were detected. We examined whether CD73 was expressed in cone cells by double immunostaining the adult mouse retina with the cone marker s-opsin and CD73. We found that CD73 ϩ cells never expressed s-opsin ( Fig. 1H ). However, when we used semiquantitative RT-PCR to examine the expression of s-opsin mRNA in CD73 ϩ and CD73 Ϫ cells from the retinas of developing mice, s-opsin expression was observed in both cell fractions (see Fig. 4B ).
In Vitro Differentiation and Proliferation of CD73 ؉ Cells
We next examined the differentiation and proliferation activities of isolated CD73 ϩ cells using an in vitro culture system. We used reaggregation cultures, which have been shown to be an excellent model system for examining the intrinsic proliferation and differentiation of retinal progenitors in vitro. 4, 5 In this system, the cells proliferate and differentiate into rod photoreceptor cells in a manner similar to that seen in vivo. 17 By culturing labeled donor cells with an excess number of unlabeled host retinal cells, we could evaluate the intrinsic proliferation and differentiation of the donor cells in a defined environment. 18 To distinguish transplanted cells from host cells, we used neural retinas derived from EGFP transgenic (Tg) mice 8, 9 as donor cells. 4,5 CD73 ϩ and CD73 Ϫ cells of EGFP Tg mice at P1 were purified in a cell sorter ( Fig. 2A) and mixed with an excess number of dissociated unfractionated host retinal cells from normal mice at P1 to prepare reaggregation cultures. When we examined the expression of rhodopsin before starting the culture, less than 5% of CD73 ϩ cells were rhodopsin positive, but no expression of rhodopsin was observed in CD73 Ϫ cells (Fig. 2B) . After 3 days of culture, the number of rhodopsin-positive cells increased, but these cells were still only observed in the CD73 ϩ cell reaggregates. On day 7 of culture, nearly 60% of the CD73 ϩ cells were rhodopsin positive, whereas only a low percentage of the CD73 Ϫ cells were rhodopsin positive. In this culture system, the efficiency of cell differentiation was lower than in the in vivo situation (using unfractionated retinal cells, the maximum percentage we observed as rhodopsin-positive cells was 60%; data not shown). On day 10 of culture, although the proportion of rhodopsin-positive cells in the CD73 Ϫ cell population had increased significantly, it was far lower than the proportion of rhodopsin-positive cells in the CD73 ϩ population. This indicates that CD73 ϩ cells are in a more advanced stage of the rod photoreceptor cell lineage than CD73 Ϫ cells.
Role of CD73 in Retinal Rod Photoreceptor Cell Differentiation
CD73 is an enzyme with ecto-5Ј-nucleotidase activity, and the enzymatic product of CD73 is adenosine. 6, 7 Of the four types of adenosine receptor (A1, A2a, A2b, A3), 19 A2a and A2b have previously been reported to be expressed in the neural retina of the rat. 20, 21 We examined the temporal expression of the mRNAs for these receptors by semiquantitative RT-PCR (Fig.  3A) . We found that A1 was expressed in the neural retina from an early stage (E16) of retinal development and that the A1 expression level increased as retinal development progressed (Fig. 3A ). Very weak bands were observed for A2a and A2b in the embryonic retina; these receptors started to be expressed in the postnatal retina, and the expression level increased concomitantly with development. We also used semiquantitative RT-PCR of RNA samples isolated from purified CD73 ϩ and CD73 Ϫ cells at various stages to examine whether these receptors were expressed in CD73 ϩ cells (Fig. 3B ). Interestingly, all three adenosine receptor subtypes were predominantly expressed in CD73 ϩ cells at P1 (Fig. 3B ). At P2, weak expression of all three receptors was observed in the CD73 Ϫ cells; at P6, significant expression of A1 and A2a was observed in both the CD73 ϩ and CD73 Ϫ cells, and A2b was detected primarily in the CD73 ϩ fraction.
To examine the role of CD73 in retinal development, we performed gain-and loss-of-function analyses of CD73 using retinal explant culture. For the gain-of-function analysis, CD73 was expressed by retrovirus-mediated gene expression in the retinal explant. A retrovirus that encoded the wild-type CD73-IRES-EGFP was transduced into retinal explants prepared from an E16 mouse. After 14 days of culture, CD73 expression was examined by FACS analysis (Fig. 3C) . The control EGFP virusexpressing population contained both CD73 ϩ and CD73 Ϫ cells. In contrast, the CD73-IRES-EGFP virus-transduced cell population contained only CD73 ϩ cells (Fig. 3C ). In addition, the expression level of CD73 in this cell population was higher than that of the control samples. After 14 days of retinal explant culture, the expression of rhodopsin was examined by FACS analysis (Figs. 3D, 3E ). In the CD73-overexpressed fraction, the proportion of rhodopsin-positive cells was similar to that observed in the control EGFP virus-infected population (Fig. 3E ). The downregulation of CD73 was achieved using shRNA, which was introduced into the retinal explant cultures by retroviruses. The suppression of CD73 expression was confirmed by FACS analysis (Fig. 3C) . The levels of rhodopsin expression were similar in the EGFP-positive and EGFP-negative cells after 14 days of culture (Fig. 3D ). Once again, the levels of rhodopsin expression ( Fig. 3E ) and distribution of cells into subretinal layers (Fig. 3F) were similar in the EGFPpositive, CD73-downregulated cells and the control EGFP virus-infected cells. Taken together, these results suggest that CD73 does not mediate autonomous cellular signals to promote rhodopsin lineage differentiation. We also examined whether the overexpression or downregulation of CD73 affects other cell lineages, such as Müller glia, ganglion, and amacrine cells by immunostaining with specific markers such as glutamine synthetase and HuC/D. We did not detect significant differences between the two fractions and the controls (data not shown).
CD73 Expressed Downstream of Crx
To analyze the detailed molecular mechanisms, we examined the gene expression patterns of CD73 ϩ and CD73 Ϫ cells by semiquantitative RT-PCR. As expected, rhodopsin was expressed exclusively in CD73 ϩ fractions (Fig. 4B ). Crx and Nrl are transcription factors that play important roles in photoreceptor cell development. 22, 23 Nrl was observed exclusively in CD73 ϩ cells, whereas Crx was observed in both CD73 ϩ and negative cells, which suggests that Crx is expressed earlier than CD73. We also examined the expression of early retinal progenitor markers, such as Chx10 24 and Hes1, and found that they were expressed exclusively in CD73 Ϫ cells, as expected ( Fig. 4A) .
We examined in more detail the time course of gene expression (Fig. 4C ). We first examined the temporal transitions of mRNA expression of CD73 and rhodopsin by semiquantitative RT-PCR (Fig. 4C ). Weak expression of CD73 mRNA was observed in the retina at E16, and the strength was increased until P5, which is consistent with the transition of CD73 protein expression revealed by FACS analysis. This suggests that the expression of CD73 is regulated mainly at the transcriptional level. The onset of CD73 expression occurred earlier than that of rhodopsin, which supports the idea that CD73 is an earlier marker than rhodopsin of the photoreceptor lineage. Crx was found to be expressed even at E14, and CD73 expression started around E16 to E18. A transition in Nrl expression in the developing mouse retina was previously reported. Bibb et al. 25 reported that Nrl was expressed after birth, whereas Akimoto et al. 26 reported that Nrl was first expressed during early embryogenesis around E12. In our study, Nrl and rhodopsin expression began around P1. The difference in Nrl expression between these previous studies The experiments were performed at least three times with essentially the same results. and our own may be attributed to a difference in primer sensitivity. Our results confirm that the onset of CD73 expression occurs between Crx and Nrl expression. Therefore, we examined the role of Crx in CD73 expression. To test the effects of Crx, we used Nrl for comparison purposes and incorrectly expressed these genes in retinal explants derived from E16 mice by retroviral-mediated gene transfer. 11 Retinal explants were infected with retrovirus that encoded Crx-or Nrl-IRES-EGFP; they were cultured for 4 days, harvested, and dissociated. CD73 expression was analyzed by flow cytometry (Figs. 4D, 4E ). In the control EGFP virus-transfected cells, approximately 30% of the cells expressed CD73 in both the EGFP-positive and EGFP-negative fractions. However, in the Crx retrovirus-infected explant samples, more than 40% of the EGFP-expressing cells also expressed CD73, which was significantly higher than that of the control cells (Fig. 4E ). In the Nrl-expressing cell population, the proportion of CD73 ϩ cells in the EGFP-positive fraction was almost the same as in the uninfected parental cells or control EGFP virus-infected cells (Figs. 4D, 4E ). Taken together, these results suggest that the activation of Crx positively regulates CD73-expressing cells and that Crx (but not Nrl) is upstream of CD73 in the photoreceptor development hierarchy.
CD73, a Marker for Rod Photoreceptor Cells in Retina of Common Marmoset (Callithrix jacchus)
Finally, we asked whether our finding that CD73 is a marker for rod photoreceptor is also applicable for primates. Retinas from adult common marmoset were isolated, and we first examined the expression of rhodopsin and M-opsin in the frozen sectioned retina, including the fovea region. The fovea pit is depicted at the central region of Figure 5A , identified by its unique bended structure of nuclear layers (Fig. 5B) . As previously reported, 27 M-opsin was predominantly expressed in the fovea region, and, in contrast, rhodopsin was distributed in regions other than the fovea (Figs. 5A, 5B ). Although antihuman CD73 antibody did not give reliable signals of frozen sectioned retina by immunohistochemistry, FACS analysis using whole retina showed strong expression of CD73 (Fig. 5C) . Therefore, under a microscope, we mechanically divided the fovea and other regions with the use of a scalpel and used FACS to examine the CD73 expression of these two fractions (Fig.  5D ). Strong CD73 expression was observed with retina except for fovea, and only a small population of cells at the foveal region expressed CD73. We purified CD73 ϩ and CD73 Ϫ cells of the adult marmoset retina by cell sorter, and the cells were seeded on the slide glass and immunostained of the purified cells with anti-rhodopsin and -PNR, which is rod photoreceptor specific marker, antibodies (Fig. 5E ). Almost all cells in CD73 ϩ fractions were rhodopsin or PNR positive; in contrast, only a few positive cells were observed in CD73 Ϫ cells. Taken together, we concluded that CD73 is a marker of rod photoreceptor cells in the mature retina of the common marmoset.
DISCUSSION
In the present study, we show that CD73 labels precursor and mature populations of photoreceptor cells. The present report is the first to show specific expression of a cell surface molecule in a photoreceptor cell lineage and the application of this molecule for the enrichment of photoreceptor precursor cells. This is important in terms of applications related to transplantation for the treatment of retinal diseases. Using reaggregation cultures of retinal cells, we show that the purification of CD73 is an efficient way to achieve photoreceptor cell generation by transplantation. This is an in vitro model system, and we are in the process of developing an in vivo transplantation system. Recently, in vivo retinal repair by transplantation of photoreceptor precursors has been reported. 3 Successful regeneration of functional rod photoreceptors in the mouse is encouraging for researchers working on regenerative medicine of the neural retina. However, in the previous report, the isolated retinas were from transgenic mice that expressed EGFP under the control of the Nrl promoter, which limits the use of this protocol for human applications. CD73 is a cell surface molecule and an anti-CD73 antibody is commercially available, allowing for transplantation and regeneration using CD73-expressing cells without risk for gene transfer. Furthermore, it is important that we found that CD73 is also a marker for the common marmoset photoreceptor. Thus, we can apply this knowledge easily and immediately to human systems using an anti-human CD73 antigen antibody.
Our observation of exclusive expression of CD73 in a photoreceptor lineage is supported by recent DNA microarray analyses of knockout mice. In Nrl-knockout and rhodopsinknockout mice, both of which lack rod photoreceptors, DNA microarray analyses comparing the retinas of wild-type mice and the knockout mice have revealed that the expression of CD73 is downregulated in these knockout mice. 28, 29 However, previous reports have suggested that the 5Ј-nucleotidase activity is localized in photoreceptor cells and in Müller cells. 30, 31 More recently, immunostaining of the 5Ј-nucleotidase with polyclonal antibody in the developing retina of the mouse has concluded that this enzyme is distributed in Müller cells. 16 In contrast, we did not observe the expression of CD73 in the INL, where the nuclei of Müller glial cells are localized, and CD73 expression never overlapped with glutamine synthetase expression, which is a marker of Müller glial cells, thereby suggesting that CD73 is not expressed in Müller glial cells. Because the previous report did not describe double immunostaining for the 5Ј-nucleotidase and markers of retinal cells, 16 it is not possible to compare directly the previous results with our present results. However, given that the polyclonal antibody used in the previous paper was raised against the soluble form of bovine 5Ј-nucleotidase, 16 it is possible that the antibody recognizes a molecule different from that recognized by the anti-CD73 monoclonal antibody used in our present study. This notion is supported by their observation that the expression of the antigen during embryonic development was also associated with proliferating cellular elements, 16 which contrasts with our finding that CD73 is expressed exclusively in nonproliferating cells. Nevertheless, we cannot exclude the possibility that the tertiary structure of CD73 is different in different cell types and that the antibodies only recognize a certain structure of CD73.
Initially, we expected that cone-specific genes would not be expressed in CD73 ϩ cells. However, cone s-opsin mRNA was detected in CD73 cells derived from neonatal mice. In contrast, in mature retinas, we did not observe CD73 expression in s-opsin-expressing cone cells. We speculate that the transition of CD73 expression during photoreceptor cell differentiation occurs as shown schematically in Figure 6 . Thus, CD73 is expressed in the common progenitors of cone and rod cells. After terminal differentiation, CD73 continues to be expressed in rod cells until adulthood, whereas it is downregulated in the cone cell lineage.
Nrl and Crx are key transcriptional factors that control photoreceptor differentiation. 23 The homeodomain protein Crx is required for both rod and cone differentiation and regulates the transcription of many photoreceptor-specific genes. 32 The Maf-family bZIP transcription factor NRL is essential for rod differentiation and controls the expression of most of the rod-specific genes. 23 Based on our observations of differential expression of Crx and Nrl in CD73 ϩ and CD73 Ϫ cells, we hypothesize that CD73 is downstream of Crx and upstream or parallel to Nrl in rod cell differentiation. Furthermore, detailed examination of the transition of expression of the mR-NAs for Crx, CD73, and Nrl also support the idea of ordered expression of these genes in the developing retina. Previous studies of the promoter for CD73 in humans have revealed the involvement of various immune-related transcription factors such as NFAT, hypoxia-related factor 1, and the Wnt signaling pathway. 33, 34 We looked for the Crx consensus-binding sequence (C/T TAATCC 35 ) in approximately 1 kb of the 5Ј upstream region of the mouse CD73 gene and found one matching sequence at Ϫ870 nt from the initiation codon. However, this sequence was not found within the region covering 1 kb of human CD73 5Ј upstream. We do not know whether the enhancement of CD73-expressing cells by Crx is due to the direct effects of Crx on CD73 transcription or simply results from an expanded population of rod photoreceptors. The most important outcome of the present study is that CD73 is a marker for cells at defined stages of the photoreceptor lineage and can be used in the isolation and transplantation of these cell populations.
